Introduction
============

Osteosarcoma, the most common primary bone sarcoma, predominantly affects adolescents in areas of rapid bone growth.^[@bib1],\ [@bib2]^ With the introduction of high-dose, multi-agent chemotherapy regimens in combination with surgical resection in the 1970s, the long-term survival rate increased from 20 to 70% for patients with localized disease.^[@bib2],\ [@bib3],\ [@bib4]^ Approximately 20% of patients present with overt metastases and 30--40% of patients diagnosed with localized disease go on to develop metastases, with the lungs being the most common sites for metastasis.^[@bib2],\ [@bib5]^ The prognosis for patients with metastases remains poor, with only 20--30% experiencing long-term survival.^[@bib6]^ Therefore, a better understanding of the underlying biology is required to develop improved therapeutic tools.

Unlike cancers with reciprocal chromosomal translocations, osteosarcoma is defined by complex karyotypes with multiple genetic alterations. In addition, there is a large variation of mutations between osteosarcoma patients.^[@bib7]^ Therefore, patient-tailored, targeted therapy might benefit patients that are unresponsive to chemotherapy. Targeted therapy may also be less likely to induce the toxic side effects caused by conventional chemotherapy.^[@bib8]^

Tyrosine kinases are frequently involved in malignant transformation.^[@bib9]^ The human genome encodes 58 transmembrane receptor tyrosine kinases (RTKs).^[@bib10]^ Most RTKs undergo dimerization and autophosphorylation upon ligand binding, consequently activating downstream signaling cascades.^[@bib10],\ [@bib11]^ Dysregulation or mutations in RTKs can induce aberrant activity and malignant transformation. Tyrosine kinase inhibitors have emerged in the development of targeted anticancer therapy and are available for select RTKs.^[@bib12]^

Overexpression of several RTKs and their ligands occurs in osteosarcoma, including EGFR, ErbB2, IGF-1R, *met*, NGFR, PDGFR, VEGFR and their ligands.^[@bib13],\ [@bib14],\ [@bib15],\ [@bib16],\ [@bib17],\ [@bib18],\ [@bib19],\ [@bib20]^ Specifically, overexpression of ErbB2, PDGF, PDGFR, VEGF and VEGFR correlates with metastasis and overall poor prognosis in osteosarcoma.^[@bib18],\ [@bib19],\ [@bib21],\ [@bib22],\ [@bib23],\ [@bib24],\ [@bib25]^ However, the underlying role of RTKs in osteosarcoma has not been well characterized and inhibitors have not been approved for treatment.

Because of the variety of mutations between osteosarcoma patients, we used two highly metastatic human osteosarcoma cell lines, 143B and LM7, originally isolated from two different patients.^[@bib26],\ [@bib27]^ The 143B cell line was created from the parental weakly metastatic TE85 cell line by overexpressing oncogenic KRAS.^[@bib26]^ The LM7 cell line was isolated by cycling the parental weakly metastatic Saos2 cells through the lungs of nude mice seven times.^[@bib27]^ To better understand the role of RTKs in osteosarcoma, we identified the activated RTKs in 143B and/or LM7 cells using phosphoproteomic screening. Next, small interfering RNA (siRNA) screening identified the activated RTKs that might contribute to motility, invasion, colony formation and/or cell growth *in vitro*. Validation of the siRNA screens confirmed that five RTKs (Axl, EphB2, FGFR2, IGF-1R and Ret) promote the *in vitro* behavior of the metastatic osteosarcoma cell lines. We also demonstrated that Axl is frequently activated in osteosarcoma patient samples, indicating that our screening and validation methods identify RTKs that may be valuable targets for translational studies.

Results
=======

Screening and validation strategies
-----------------------------------

The results of our screening and validation strategies are summarized in this paragraph and [Figure 1a](#fig1){ref-type="fig"}, and will be described in depth in the subsequent sections. We initially performed two types of screening experiments. First, phosphoproteomic screening of the 42 RTKs determined that twelve were phosphorylated in LM7 cells and nine were phosphorylated in 143B cells (top panel in [Figure 1a](#fig1){ref-type="fig"}). Next, functional genomic screening demonstrated that motility, colony formation, invasion and/or cell growth are inhibited by siRNA-mediated knockdown of seven of the twelve activated RTKs in LM7 cells and six of the nine activated RTKs in 143B cells (second panel in [Figure 1a](#fig1){ref-type="fig"}). Validation of the siRNA screen using individual siRNA duplexes generated results consistent with on-target silencing for six RTKs in LM7 cells and two RTKs in 143B cells (third panel in [Figure 1a](#fig1){ref-type="fig"}). Finally, validation using independent strategies to inhibit the RTKs showed that four RTKs contribute to the phenotype of LM7 cells and one RTK contributes to the phenotype of 143B cells (bottom panel in [Figure 1a](#fig1){ref-type="fig"}).

To identify RTKs that are activated in the osteosarcoma cell lines, we performed phosphoproteomic screening of 42 RTKs using the Human Phospho-RTK Antibody Proteome Profiler Array (R&D Systems, Minneapolis, MN, USA). Nine RTKs were phosphorylated in both cell lines and an additional three RTKs were phosphorylated in the metastatic LM7 cells ([Figure 1b](#fig1){ref-type="fig"}).

Functional genomic screening focused on the RTKs identified in the phosphoproteomic screen. For this purpose, siRNA pools targeting the activated RTKs were reverse transfected into the metastatic LM7 and 143B cells and motility, invasion, colony formation and cell growth were assayed. mRNA expression knockdown was \>70% for nine of the siRNA pools and \>50% for all of them ([Figures 2a and f](#fig2){ref-type="fig"}). In LM7 cells, seven of the twelve siRNA pools (EphA4, EphB2, FGFR2, FGFR3, IGF-1R, PDGFRα and RET) inhibited at least one *in vitro* phenotype by ⩾35% (gray bars in [Figures 2b--e](#fig2){ref-type="fig"}). In 143B cells, six of the nine siRNA pools (AXL, EphB2, IGF-1R, InsR, MET and RET) inhibited at least one *in vitro* phenotype by ⩾35% (gray bars in [Figures 2g--j](#fig2){ref-type="fig"}). Of the four phenotypes, cell growth was least affected by siRNA-mediated knockdown ([Figure 2](#fig2){ref-type="fig"}).

Validation of the siRNA screening results is necessary because of the possibility for off-target effects. The first validation strategy determined effects of the four individual duplexes compared with the siRNA pool in the initial screen. RTKs that showed results consistent with on-target effects underwent further validation by a second independent approach. Depending on the availability of reagents, these approaches included neutralizing antibodies, antisense-mediated knockdown or small molecule inhibitors. RTKs that were confirmed by both validation strategies are described below beginning with the LM7 cells (IGF-1R, EphB2, FGFR2 and Ret) followed by the 143B cells (Axl). Results for non-validated RTKs are shown in [Supplementary Figures S1--S8](#sup1){ref-type="supplementary-material"}.

The IGF-1R siRNA pool and three individual duplexes effectively knocked down mRNA expression and potently inhibited invasion and cell growth in LM7 cells and two of them also potently inhibited motility and colony formation ([Figures 3a--e](#fig3){ref-type="fig"}). Also consistent with on-target effects, duplex no. 3 had no effect on IGF-1R expression or phenotype ([Figures 3a--c](#fig3){ref-type="fig"}). An IGF-1R neutralizing antibody^[@bib28]^ was used for the second-validation strategy. The antibody and the siRNA pool completely inhibited IGF-1R phosphorylation (top panel in [Figure 3f](#fig3){ref-type="fig"}). In addition, both the antibody and siRNA substantially reduced total IGF-1R levels (bottom panel in [Figure 3f](#fig3){ref-type="fig"}) consistent with previous results that the antibody induces receptor internalization and degradation.^[@bib28]^ Both the antibody and siRNA significantly (*P*\<0.02) inhibited all four phenotypes ([Figures 3g--j](#fig3){ref-type="fig"}). The results from the validation strategies indicate that IGF-1R promotes invasion, cell growth, motility and colony formation by LM7 cells. IGF-1R is one of the few RTKs that have been extensively studied in osteosarcoma (see Discussion for details) and therefore acts as a positive control to support our screening and validation strategies for identifying RTKs important to the *in vitro* behavior of osteosarcoma.

The EphB2 siRNA pool and each of the individual duplexes effectively knocked down mRNA expression in LM7 cells and inhibited motility and colony formation ([Figures 4a--c](#fig4){ref-type="fig"}). Although the larger effect on colony formation by the siRNA pool and duplex no. 1 may be caused by additional off-target silencing induced by duplex no. 1, overall the motility and colony formation results were consistent with on-target effects. Antisense-mediated knockdown was used for the second validation. Both the antisense and siRNA pool effectively knocked down EphB2 expression and significantly (*P*\<0.03) inhibited motility and colony formation ([Figures 4d--f](#fig4){ref-type="fig"}). Taken together, these results indicate that EphB2 promotes motility and colony formation by LM7 cells.

The FGFR2 siRNA pool and duplexes no. 2 and no. 4 effectively knocked down mRNA expression in LM7 cells, whereas duplexes no. 1 and no. 3 achieved less knockdown ([Figure 5a](#fig5){ref-type="fig"}). The pattern of knockdown was similar to the pattern of inhibition for motility and colony formation indicating that these results are consistent with on-target effects ([Figures 5b--c](#fig5){ref-type="fig"}). Invasion and cell growth were unaffected in the first-validation experiment ([Figures 5d and e](#fig5){ref-type="fig"}), and therefore were not assayed in the second-validation experiments, which utilized antisense-mediated knockdown. Both the antisense and siRNA pool effectively knocked down FGFR2 expression and significantly (*P*\<0.04) inhibited motility and colony formation in LM7 cells ([Figures 5f--h](#fig5){ref-type="fig"}). These results indicate that FGFR2 promotes motility and colony formation by LM7 cells.

The RET siRNA pool and three of the individual duplexes effectively knocked down mRNA expression in LM7 cells and inhibited motility and colony formation consistent with on-target effects ([Figures 6a--c](#fig6){ref-type="fig"}). In contrast, duplex no. 1 had no effect on RET expression but inhibited motility and colony formation, suggesting that its effects were due to off-target silencing ([Figures 6d and e](#fig6){ref-type="fig"}). The results for invasion and cell growth were not inhibited and therefore were not assayed in the second-validation experiments, which utilized antisense-mediated knockdown. Both the antisense and siRNA pool effectively knocked down Ret expression and significantly (*P*\<0.03) inhibited motility ([Figures 6f and g](#fig6){ref-type="fig"}). Moreover, there was a trend of inhibition of colony formation by both the antisense and the siRNA pool ([Figure 6h](#fig6){ref-type="fig"}). Overall, these results indicate that Ret promotes motility and to a lesser extent, colony formation by LM7 cells.

The Axl siRNA pool and each of the four duplexes effectively knocked down Axl expression in 143B cells and inhibited motility, colony formation and invasion but had no effect on cell growth ([Figures 7a--e](#fig7){ref-type="fig"}). The similarity of effects by the individual siRNAs makes it unlikely that the results are due to off-target silencing. The small-molecule inhibitor BGB324 (also known as R428) was used for the second validation. BGB324 was previously shown to be relatively specific for Axl when screened against 133 tyrosine and serine/threonine kinases.^[@bib29]^ BGB324 rapidly reduced Axl phosphorylation in a dose-dependent manner ([Figure 7f](#fig7){ref-type="fig"}) and significantly (*P*\<0.007) inhibited motility and colony formation in a dose-dependent manner ([Figures 7g and h](#fig7){ref-type="fig"}). Invasion was only inhibited at the highest concentration of BGB324 (10 μℳ) ([Figure 7i](#fig7){ref-type="fig"}). Furthermore, while 10 μℳ of BGB324 completely blocked cell growth, 1 μℳ of BGB324 only inhibited by 15% ([Figure 7j](#fig7){ref-type="fig"}). Because of the high concentration of BGB324 needed to inhibit invasion and cell growth, it remains uncertain whether Axl contributes to these phenotypes. Nevertheless, the results indicate that Axl promotes motility and colony formation by 143B cells.

Immunohistochemistry of patient biopsy samples
----------------------------------------------

Because the above experiments were limited to two osteosarcoma cell lines, we wished to evaluate whether our screening and validation strategies identified targets that are involved in a wider set of patients. Axl activity was chosen for examination in osteosarcoma patient biopsies as antibodies and protocols for immunostaining of phospho-Axl have already been established.^[@bib30]^ Axl was activated in five of the six patient specimens, with one specimen with weak staining (score=1+ in 50% of cells) ([Supplementary Figure S9](#sup1){ref-type="supplementary-material"}) and four specimens with strong staining (score=3+ in 70--\>90% of cells) ([Figure 8b](#fig8){ref-type="fig"} and [Supplementary Figure S9](#sup1){ref-type="supplementary-material"}). Specificity was demonstrated by replacing the primary antibody with non-immune IgG isotype control using the same antigen retrieval and staining conditions as for phospho-Axl ([Figure 8a](#fig8){ref-type="fig"} and [Supplementary Figure S9](#sup1){ref-type="supplementary-material"}). These results indicate that our novel screening and validation strategy identifies targets that may be involved in the underlying biology of the disease in multiple patients.

Discussion
==========

Dysregulation of RTK activity contributes to the progression of many cancers.^[@bib9]^ However, the role of RTKs in the pathogenesis of osteosarcoma has not been well established. In this study, we performed phosphoproteomic screening to identify RTKs that are activated and potentially contribute to signaling within the highly metastatic human LM7 or 143B cells. This also reduced the number of RTKs examined in the functional genomic screen making it feasible to investigate multiple *in vitro* phenotypes instead of focusing on one high throughput phenotype, such as proliferation, as is common in large-scale screens. In our screen, the siRNAs affected cell growth the least out of the four assays performed, indicating that many important effects would have been missed had we focused solely on cell growth. In support of this methodology, none of the five RTKs that passed both of our validation strategies were identified in a large siRNA screen of kinases that contribute to osteosarcoma cell growth.^[@bib31]^

Off-target results are the major caveat of siRNA screens. Indeed, the identification of three off-target results in LM7 cells and six in 143B cells supported the importance of the validation strategies, which identified five RTKs for further study. Similar to miRNAs, each siRNA duplex has a seed sequence, nucleotides 2--8 on the guide strand, which directs binding to 3′ untranslated regions of both on-target and off-target genes.^[@bib32]^ BLAST searches performed on the seed sequences of the off-target siRNA duplexes used in our study identified \>1800 possible genes for each duplex, making it impractical to determine the genes responsible for the off-target phenotypes.

IGF-1R inhibition reduced all four phenotypes tested in LM7 cells. IGF-1R is one of the few RTKs that has been shown to be important in osteosarcoma.^[@bib33]^ Previously, our lab demonstrated that an IGF-1R small-molecule inhibitor significantly reduced motility and colony formation in LM7 cells.^[@bib1]^ Other studies have shown that inhibition of IGF-1R reduced proliferation,^[@bib34]^ growth, and invasiveness and induced apoptosis *in vitro.*^[@bib35]^ IGF-1R neutralizing antibodies inhibited tumor growth in murine xenograft models of osteosarcoma.^[@bib36],\ [@bib37],\ [@bib38],\ [@bib39]^ Lung metastasis was inhibited in hypophysectomized mice, which lack IGF-1R signaling.^[@bib40]^ Finally, overexpression of IGF-1R has been reported in osteosarcoma patient samples.^[@bib13]^ This has led to phase I clinical trials using IGF-1R inhibitors in osteosarcoma patients.^[@bib41]^ This strongly supports our screening and validation strategies for identifying RTKs that are important to the *in vitro* behavior of osteosarcoma.

EphB2 signaling has been implicated in the progression of many cancers including synovial sarcoma^[@bib42],\ [@bib43],\ [@bib44]^ and colorectal carcinoma.^[@bib45]^ In our study, motility was significantly inhibited in LM7 cells after EphB2 knockdown by either siRNA or antisense. This result is consistent with the finding that Eph receptor signaling is involved in actin cytoskeleton organization thus modulating cell morphology and migration.^[@bib42],\ [@bib43]^ Ephrin expression profiling in osteosarcoma demonstrated that ephrin-A5 and ephrin-B1, ligands for Eph receptors including EphB2, are expressed in osteosarcoma specimens but not in normal bone.^[@bib46],\ [@bib47]^ Our study is the first to demonstrate that EphB2 is important to the *in vitro* phenotype of osteosarcoma and may be a valuable target for the development of new treatments.

Several genetic alterations of FGFRs have been found in osteosarcoma including single-nucleotide polymorphisms,^[@bib48]^ overexpression^[@bib49]^ and germline amplifications.^[@bib50]^ Two different SMIs targeting FGFRs and VEGF-Rs reduced colony formation or motility by osteoarcoma cell lines.^[@bib51],\ [@bib52]^ FGF2, an FGFR ligand, upregulated migration in an osteosarcoma cell line.^[@bib53]^ Our results indicate that FGFR2 promotes the motility and colony formation of LM7 cells. Taken together with the previous studies, our results indicate that FGFR2 may be important to the underlying biology of osteosarcoma. In contrast, FGFR1 and FGFR4 were not phosphorylated in either cell line and the effects of the FGFR3 siRNA pool in the initial siRNA screen were not reproduced in the validation studies.

Ret inhibition significantly reduced motility in LM7 cells. Our results are consistent with studies demonstrating that Ret contributes to the migration of neuroblastoma, thyroid, pancreatic and non-small cell lung cancer cells.^[@bib54],\ [@bib55],\ [@bib56]^ While this is the first study to investigate Ret in osteosarcoma, overexpression has been correlated with poor prognosis in liposarcoma.^[@bib57]^

Our results indicate that Axl promotes the *in vitro* phenotype of 143B cells. This is consistent with a previous expression profiling study showing that of the genes tested, Axl was upregulated the highest (∼40-fold) in metastatic human osteosarcoma cell lines compared with their parental cell lines.^[@bib58]^ However, that study did not determine whether Axl is responsible for the metastatic phenotype of those cell lines.^[@bib58]^ Axl is also overexpressed in liposarcoma^[@bib59]^ and synovial sarcomas.^[@bib60]^ We also demonstrated that BGB324, a selective Axl SMI,^[@bib29]^ reduces Axl phosphorylation, motility and colony formation in a dose-dependent manner. BGB324, which is orally bioavailable and well tolerated in mice, reduces invasion, migration and colony formation in esophageal adenocarcinoma^[@bib61]^ and reduces metastasis in murine models of breast cancer.^[@bib29]^ This supports the investigation of BGB324 as a potential lead compound for targeted therapy in osteosarcoma.

Indicative of the molecular complexity of osteosarcoma, none of the RTKs were validated in both the LM7 and 143B cell lines. Similar to osteosarcoma patients, the 143B and LM7 families of cell lines are genetically different from each other with varying chromosomal aberrations and mutations.^[@bib62]^ It is likely that therapy directed at a single kinase will be unsuccessful at treating all patients and development of multiple therapies targeted to individual patients will be required. In that case, methods to identify potential targets for each patient would be needed. This could include screening patients for activated RTKs, similar to the anti-phosphoRTK antibody array used in our study.

Due to the extensive screening and validation experiments performed in this study, we focused on two highly metastatic human osteosarcoma cell lines. A recently published study assessed tyrosine phosphoproteins in four other osteosarcoma cell lines.^[@bib63]^ Axl was phosphorylated in all four cell lines, IGF-1R in three, FGFR2 in two and EphB2 in one.^[@bib63]^ Those results, together with the results of our study, indicate that multiple osteosarcoma cell lines with different genetic backgrounds may be dependent on signaling through Axl, IGF-1R, FGFR2 and/or EphB2.

We sought to determine whether Axl is also activated in human patient biopsy samples. Of the six patients examined, one was negative, one scored 1+ and four scored 3+ for phospho-Axl. This indicates that our screening and validation experiments identify targets that may be important in multiple patients. Further analysis of expression levels of the RTKs in human osteosarcoma tissue samples were examined through data mining of online microarray databases. One study available in the Array Express database demonstrated that Axl, EphB2 and FGFR2 mRNAs are upregulated in osteosarcoma samples compared with other cancers ([www.ebi.ac.uk/arrayexpress](http://www.ebi.ac.uk/arrayexpress), accession number E-MTAB-62). Oncomine (Compendia Biosciences, Ann Arbor, MI, USA) was also used for the analysis and visualization of one osteosarcoma study showing that FGFR2 mRNA was overexpressed in all five osteosarcoma biopsy samples compared with other sarcomas.^[@bib64]^

To our knowledge, this is the first study to demonstrate a role for Axl, EphB2, FGFR2 or Ret in the *in vitro* phenotype of human metastatic osteosarcoma cell lines. Ongoing studies in our laboratory aim to determine whether the RTKs contribute to tumorigenesis and/or metastasis in murine xenograft models of osteosarcoma. Furthermore, the underlying biological mechanisms of RTK activation will be determined to aid development of novel treatments.

Materials and methods
=====================

Cell lines and reagents
-----------------------

143B osteosarcoma cells (American Type Culture Collection, Manassa, VA, USA) and LM7 osteosarcoma cells^[@bib27]^ were maintained in minimal essential medium (Hyclone, Logan, UT, USA) with 10% fetal bovine serum (Hyclone), non-essential amino acids (Mediatech, Herndon, VA, USA), 1 mℳ sodium pyruvate (Invitrogen, Carlsbad, CA, USA), 2 mℳ ℒ-glutamine (Mediatech) and penicillin-streptomycin (Hyclone). All cells were maintained at 37 °C in 5% CO~2~.

The mouse monoclonal IGF-1R neutralizing antibody (MAB391) and mouse IgG~1~ isotype control antibody (MAB002) were from R&D systems. Rabbit monoclonal antibodies against human Axl (\#4566), phospho-Axl (\#5724), IGF-1Rβ (\#3027), phospho-IGF-1R/IR (\#3024), a rabbit polyclonal antibody against β-actin (\#4970) and horseradish peroxidase-conjugated anti-rabbit IgG (\#7074) were from Cell Signaling Technology (Beverly, MA, USA). BGB324 was kindly provided by Dr Sacha Holland (Rigel Pharmaceuticals Inc, San Francisco, CA, USA).

Phospho-RTK antibody arrays
---------------------------

Cells were washed with phosphate-buffered saline and harvested with NP-40 lysis buffer containing phosphatase and protease inhibitors. The proteome profiler human phosphorylated RTK antibody array (R&D Systems) was performed as recommended by the manufacturer, but with 1 mg of protein lysate per array as preliminary results showed optimal detection with this amount.

Reverse transfection with siRNA or antisense
--------------------------------------------

The four duplexes corresponding to SMARTpool ON-TARGETplus siRNAs were purchased for the indicated RTKs (Dharmacon, Lafayette, CO, USA). In all, 12.5 nℳ of all four siRNA duplexes was pooled together or 50 nℳ of each duplex was used alone and incubated for 30 min at room temperature with DharmaFECT Reagent 3 (DF3) in DharmaFECT Cell Culture reagent (DCCR) (Dharmacon). Fifty nanomolar of the ON-TARGETplus Non-targeting siRNA pool was used as the negative control. For antisense-mediated knockdown, 10 nℳ of the LNA (locked nucleic acid)/DNA gapmer (Exiqon, Woburn, MA, USA) was incubated for 30 min at room temperature with DF3 and DCCR. Ten nanomoles of a non-targeting LNA/DNA gapmer was used as the negative control. Subconfluent cells (75--80%) were harvested and reverse transfected with the siRNA or antisense using 3.0 × 10^4^ cells/cm^2^ (143B cells) or 4.0 × 10^4^ cells/cm^2^ (LM7 cells) in media without penicillin-streptomycin. Media was changed after 4 h and the cells were incubated for another 44 h before the assays described below.

Motility
--------

Scrape motility assays were performed as previously described.^[@bib1]^ Cells were seeded at a density of 5.0 × 10^5^ cells/cm^2^ and incubated overnight to allow formation of a confluent monolayer. Four individual scrapes were created in each monolayer using a 1 ml pipette tip. The media was changed and each scrape was photographed immediately and after 4 h under phase-contrast microscopy. The width of each scrape was measured by ImageJ (NIH, Bethesda, MD, USA) and migration distances were measured by calculating the difference between the scrape width at 0 and 4 h and dividing by 2. Four scrapes were measured per group for each experiment.

Invasion
--------

Invasion was measured using a 96 well Basement Membrane Extract (BME) boyden chamber assay (Trevigen, Gaithersburg, MD) as previously specified.^[@bib1]^ Briefly, 5.0 × 10^5^ cells were resuspended in serum-free media containing 0.1% bovine serum albumin (Proliant Biologicals, Ankeny, IA, USA) and added to the BME-coated upper chamber. Media containing 1% fetal bovine serum was placed in the bottom chamber as a chemoattractant. After incubation for 24 h, BME-invading cells were incubated with calcein AM and fluorescence measured with the GENiosPro Multimode microplate reader (Tecan, Durham, NC, USA). Six replicates per group were measured for each experiment.

Colony formation
----------------

Anchorage-independent colony formation was assayed as previously described.^[@bib1]^ Briefly, a collagen gel containing 1.69 mg/ml rat tail type I collagen (BD Biosciences, Bedford, MA, USA), 0.8 × Eagle\'s minimal essential medium with 5% fetal bovine serum (Hyclone) and 0.75% NaHCO~3~ (Invitrogen) was added to wells of a 24-well plate and incubated at 37 °C to solidify. Cells were suspended in collagen gel (8.0 × 10^3^ cells/ml) and 160 μl was allowed to solidify over each bottom layer. Gels were covered with 1 ml of 1 × minimal essential medium containing 10% fetal bovine serum. Colonies were allowed to form at 37 °C, 5% CO~2~ for 2 (143B cells) or 7 days (LM7 cells). Colonies \>5 cells were counted using phase-contrast microscopy in triplicate wells per group for each experiment.

Cell growth
-----------

Cell growth, defined as the increase in cell number during a 48-h incubation, was measured after plating at a density of 1.0 × 10^4^ cells/cm^2^ on a 6-well plate. Cells were harvested after 48 h and one well per group was counted for each experiment.

Quantitative RT--PCR
--------------------

Total RNA was isolated using the ToTALLY RNA kit (Ambion, Austin, TX, USA). Reverse transcription of total RNA (0.2 μg) was performed using SuperScript II reverse transcriptase (Invitrogen). Quantitative RT--PCR was performed with SYBRgreen PCR Master Mix (BioRad, Hercules, CA, USA) and the 7500 Real-Time PCR Systems and Sequence Detection Software (Applied Biosystems, Foster City, CA, USA). Each primer was designed to overlap exon--exon borders using Primer3 software.^[@bib65]^ Primer sequences are listed in a [Supplementary Table](#sup1){ref-type="supplementary-material"}. Gene expression was analyzed using a standard curve as previously described.^[@bib66]^ Each reaction was performed in triplicate.

Western blotting and immunoprecipitation
----------------------------------------

Cells were lysed in 1% Triton X-100 buffer containing protease and phosphatase inhibitors, sonicated briefly and centrifuged for 10 min at 4 °C. Protein concentrations were determined using the BCA Protein Assay Kit (Pierce, Rockford, IL, USA). For western blotting, protein lysates were separated by SDS--PAGE and transferred to polyvinylidene difluoride membrane. After blocking for 1 h with 5% milk, membranes were incubated with primary antibody overnight at 4 °C. Membranes were then incubated with species-specific horseradish peroxidase-conjugated secondary antibodies. Signals were detected by chemiluminescence (Amersham ECLplus Western blotting detection kit, GE Healthcare, Piscataway Township, NJ, USA). For immunoprecipitation, lysates containing 200 μg of protein were incubated with primary antibodies at 4 °C overnight and then with Protein A Sepharose beads (GE Healthcare) for 60 min at 4 °C. Immunoprecipitates were washed, resuspended in SDS sample buffer with dithiothreitol (DTT) and boiled for western blot analysis.

Immunohistochemistry
--------------------

Tissue microarray slides were obtained from US Biomax (T262, Rockville, MD, USA) and immunohistochemistry was performed as previously described.^[@bib30]^ Antigen retrieval was performed by incubating in a vegetable steamer for 40 min in Borg Decloaker (BioCare Medical, Concord, CA, USA). The slides were incubated overnight at 4 °C with a rabbit polyclonal anti-phospho-Axl antibody (1:200, R&D systems, \#AF2228) or a rabbit IgG non-immune control (Cell Signaling, \#3900). The slides were incubated with a biotinylated secondary antibody (BioCare Medical) followed by incubation with horseradish peroxidase-labeled streptavidin. Staining was developed by incubating with diaminobenzidine (Stable DAB, Invitrogen) and counterstaining with Gill\'s \#3 hematoxylin (Fisher Scientific, Pittsburgh, PA, USA). The percentage of positive cells was quantified as well as the intensity (negative=0, weak=1+, medium=2+ or strong staining=3+) by an experienced bone and tumor pathologist (FWA-K).

Statistical analysis
--------------------

Data are presented as means±s.e.m. Statistical analyses were by Two Way ANOVA with Bonferroni post-hoc tests (SigmaStat, San Jose, CA, USA). Data sets that did not pass normality (Kolmogorov--Smirnov test) or equal variance (Levene Median Test) testing ([Figures 4d and f](#fig4){ref-type="fig"}) were analyzed non-parametrically by Repeated Measures ANOVA on Ranks with Dunn\'s *post-hoc* tests (SigmaStat).
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![Phosphoproteomic screening. (**a**) Summary of screening and validation approaches demonstrating that specific novel RTKs are important to the *in vitro* phenotype of metastatic osteosarcoma cell lines. (**b**) Phospho-RTK antibody arrays simultaneously assayed for the phosphorylation of 42 individual RTKs in the metastatic LM7 and 143B cell lines. Phospho-tyrosine-positive controls are located in duplicate in each corner of the arrays. Each array is representative of three independent experiments.](oncsis201234f1){#fig1}

![Functional genomic screening. (**a--e**) siRNA screening of 12 RTKs in LM7 cells after mRNA knockdown by siRNA pools. Knockdown efficiency was assessed by real-time PCR measurements of mRNA levels (mean±s.e.m. of three PCR well replicates) (**a**) The effect of the siRNA pools on the *in vitro* phenotype was assessed by measuring motility (**b**), colony formation (**c**), invasion (**d**) and cell growth (**e**). (**f**--**j)** siRNA screening of nine RTKs in 143B cells after mRNA knockdown by siRNA pools. The effect of the siRNA pools on the *in vitro* phenotype was assessed by measuring mRNA expression (**f**), motility (**g**), colony formation (**h**), invasion (**i**) and cell growth (**j**). Results (**b--e** and **g--j**) are compared with cells transfected with the control non-targeting siRNA pool and presented as the percent of control (mean±s.e.m. of the number of replicates indicated in the methods for each assay). Gray bars represent those siRNA pools that inhibited the indicated assay by ⩾35% (below the horizontal line).](oncsis201234f2){#fig2}

![IGF-1R contributes to invasion, cell growth, motility and colony formation by the LM7 cell line. (**a--e**) The first validation strategy compared the effects of the siRNA pool to that of the individual duplexes. Knockdown efficiency was assessed by real-time PCR measurements of IGF-1R mRNA levels (mean±s.e.m. of three PCR well replicates) (**a**). Effects of the siRNAs on *in vitro* phenotypes were assessed by measuring invasion (**b**), cell growth (**c**), motility (**d**) and colony formation (**e**). Results are presented as mean±s.e.m. of the number of replicates indicated in the Materials and methods for each assay. (**f--j**) The second validation strategy compared the effects of an IGF-1R neutralizing antibody to that of the IGF-1R siRNA pool. Cells were treated for 4 h with the neutralizing antibody. Effects of the antibody and the siRNA pool on IGF-1R activity were assessed by immunoprecipitation with a total IGF-1Rβ antibody followed by western blotting with a phospho-IGF-1R/IR antibody (**f**, top panel) or the total IGF-1Rβ antibody (**f**, middle panel). β-actin was assessed in total cell lysates as a housekeeping protein (**f**, bottom panel). Western blot results are representative of three independent experiments. For expanded views of the blots with protein markers see [Supplementary Figure S10](#sup1){ref-type="supplementary-material"}. Effects of the neutralizing antibody and the siRNA pool on *in vitro* phenotypes were assessed by measuring invasion (**g**), cell growth (**h**), motility (**i**) and colony formation (**j**). Results are presented as mean±s.e.m. of three independent experiments.](oncsis201234f3){#fig3}

![EphB2 contributes to motility and colony formation by the LM7 cell line. (**a**--**c**) The first validation strategy compared the effects of the siRNA pool to that of the individual duplexes. Knockdown efficiency was assessed by real-time PCR measurements of EphB2 mRNA levels (mean±s.e.m. of three PCR well replicates) (**a**). Effects of the siRNAs on *in vitro* phenotypes were assessed by measuring motility (**b**), and colony formation (**c**). Results are presented as mean±s.e.m. of the number of replicates indicated in the Materials and methods for each assay. (**d--f**) The second validation strategy compared the effects of an antisense LNA/DNA gapmer targeting EphB2 to that of the siRNA pool. Knockdown efficiency by the antisense or siRNA pool was assessed by measuring EphB2 mRNA levels by real-time PCR, comparing levels with cells treated with either the non-targeting antisense LNA/DNA gapmer or the siRNA non-targeting pool (**d**). Effects of the antisense LNA/DNA gapmer and the siRNA pool on *in vitro* phenotypes were assessed by motility (**e**) and colony formation (**f**). Results are presented as mean±s.e.m. of five independent experiments.](oncsis201234f4){#fig4}

![FGFR2 contributes to motility and colony formation by the LM7 cell line. (**a--e**) The first validation strategy compared the effects of the siRNA pool with that of the individual duplexes. Knockdown efficiency was assessed by real-time PCR measurements of FGFR2 mRNA levels (mean±s.e.m. of three PCR well replicates) (**a**). Effects of the siRNAs on *in vitro* phenotypes were assessed by measuring motility (**b**), colony formation (**c**), invasion (**d**) and cell growth (**e**). Results are presented as mean±s.e.m. of the number of replicates indicated in the Materials and methods for each assay. (**f--h**) The second validation strategy compared the effects of an antisense LNA/DNA gapmer targeting FGFR2 with that of the siRNA pool. Knockdown efficiency by the antisense or siRNA pool was assessed by measuring FGFR2 mRNA levels by real-time PCR, comparing levels with cells treated with either the non-targeting antisense LNA/DNA gapmer or the siRNA non-targeting pool (**f**). Effects of the antisense LNA/DNA gapmer and the siRNA pool on *in vitro* phenotypes were assessed by motility (**g**) and colony formation (**h**). Results are presented as mean±s.e.m. of four independent experiments.](oncsis201234f5){#fig5}

![Ret contributes to motility and to a lesser extent, colony formation by the LM7 cell line. (**a--e**) The first validation strategy compared the effects of the siRNA pool with that of the individual duplexes. Knockdown efficiency was assessed by real-time PCR measurements of Ret mRNA levels (mean±s.e.m. of three PCR well replicates) (**a**). Effects of the siRNAs on *in vitro* phenotypes were assessed by measuring motility (**b**), colony formation (**c**), invasion (**d**) and cell growth (**e**). Results are presented as mean±s.e.m. of the number of replicates indicated in the Materials and methods for each assay. (**f--h**) The second validation strategy compared the effects of an antisense LNA/DNA gapmer targeting Ret with that of the siRNA pool. Knockdown efficiency by the antisense or siRNA pool was assessed by measuring Ret mRNA levels by real-time PCR, comparing levels with cells treated with either the non-targeting antisense LNA/DNA gapmer or the siRNA non-targeting pool (**f**). Effects of the antisense LNA/DNA gapmer and the siRNA pool on *in vitro* phenotypes were assessed by motility (**g**) and colony formation (**h**). Results are presented as mean±s.e.m. of four independent experiments.](oncsis201234f6){#fig6}

![Axl contributes to motility and colony formation by the 143B cell line. (**a--e**) The first validation strategy compared the effects of the siRNA pool with that of the individual duplexes. Knockdown efficiency was assessed by real-time PCR measurements of Axl mRNA levels (mean±s.e.m. of three PCR well replicates) (**a**). Effects of the siRNAs on *in vitro* phenotypes were assessed by measuring motility (**b**), colony formation (**c**), invasion (**d**) and cell growth (**e**). Results are presented as mean±s.e.m. of the number of replicates indicated in the Materials and methods for each assay. (**f--j**) The second validation strategy compared the effects of the Axl small molecule inhibitor, BGB324, with that of the siRNA pool. Cells were treated for 1 h with BGB324 or the control 1% dimethyl sulfoxide. A dose response of Axl activity inhibition by BGB324 was assessed by western blotting with a phospho-Axl antibody (**f**, top panel) or the total Axl antibody (**f**, middle panel). β-actin was assessed as a housekeeping protein (**f**, bottom panel). Western blot results are representative of 10 independent experiments. For expanded views of the blots with protein markers see [Supplementary Figure S10](#sup1){ref-type="supplementary-material"}. Effects of BGB324 on *in vitro* phenotypes were assessed by measuring motility (**g**), colony formation (**h**), invasion (**i**) and cell growth (**j**). Results are presented as mean±s.e.m. of three independent experiments.](oncsis201234f7){#fig7}

![Axl is activated in osteosarcoma patient biopsy samples. (**a** and **b**) Immunohistochemistry was performed on osteosarcoma biopsy samples with an IgG isotype control (**a**) or phospho-Axl (**b**) antibody. Staining was assessed under a light microscope and images were captured at × 400 magnification. The intensity score (left number) and percentage of positive cells (right number) are reported in the inset boxes for each sample.](oncsis201234f8){#fig8}
